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TuberculosisThe ratio of monocytes and lymphocytes (ML ratio) in peripheral blood is associated with tuberculosis and ma-
laria disease risk and cancer and cardiovascular disease outcomes. We studied anti-mycobacterial function and
the transcriptome of monocytes in relation to the ML ratio.
Mycobacterial growth inhibition assays of whole or sorted blood were performed and mycobacteria were enu-
merated by liquid culture. Transcriptomes of unstimulated CD14+monocytes isolated bymagnetic bead sorting
were characterised bymicroarray. Transcript expressionwas tested for associationwithML ratio calculated from
leucocyte differential counts by linear regression.
The ML ratio was associated with mycobacterial growth in vitro (β= 2.23, SE 0.91, p = 0.02). Using sorted
monocytes and lymphocytes, in vivo ML ratio (% variance explained R2 = 11%, p = 0.02) dominated over in
vitro ratios (R2 = 5%, p = 0.10) in explaining mycobacterial growth. Expression of 906 genes was associated
with the ML ratio and 53 with monocyte count alone. ML-ratio associated genes were enriched for type-I and -II
interferon signalling (p = 1.2 × 10−8), and for genes under transcriptional control of IRF1, IRF2, RUNX1,
RELA and ESRRB. The ML-ratio-associated gene set was enriched in TB disease (3.11-fold, 95% CI: 2.28–4.19,
p = 5.7 × 10−12) and other inﬂammatory diseases including atopy, HIV, IBD and SLE.
TheML ratio is associatedwith distinct transcriptional and anti-mycobacterial proﬁles ofmonocytes thatmay ex-
plain the disease associations of the ML ratio.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The diagnostic utility and prognostic value of leucocyte differential
counts were appreciated contemporaneously with the development of
microscopy methods to distinguish leucocyte subsets in 1880 (Ehrlich,
1880). A growing body of evidence suggests that the ratio of leucocyte
subsets may be of similar, or greater, prognostic import than absolute
counts. Although a full blood count is amongst themost frequently per-
formed assays in clinical practice, the monocyte:lymphocyte (ML ratio)
is not a widely-used parameter or biomarker in clinical care.
Florence Sabin and colleagues reported in the 1920s that the ML
ratio was associated with progress and outcomes of mycobacterial in-
fections in rabbits (Cunningham et al., 1925; Sabin et al., 1926; Doan
and Sabin, 1930). Rediscovering this experimental work, we recently
performed a series of prospective cohort studies of adults, infants andfor Human Genetics, Nufﬁeld
ited Kingdom.
).
. This is an open access article underpregnant women in sub-Saharan Africa (Naranbhai et al., 2014a,
2014b, 2014c). In each studywe observed that elevatedML ratiowas as-
sociated with the risk of subsequent tuberculosis disease. We, and
others, made similar observations for malaria (Warimwe et al., 2013a)
and extended these to demonstrate that the ML ratio stratiﬁes efﬁcacy
of the candidate anti-malaria RTS,S vaccine (Warimwe et al., 2013b).
Other investigators have shown that an elevated ratio is associated
with poor outcomes of nasopharyngeal carcinoma (Lin et al., 2014a; Li
et al., 2013), diffuse large B-cell (Li et al., 2012, 2014a, 2014b;
Rambaldi et al., 2013; Koh et al., 2014; Markovic et al., 2014; Porrata
et al., 2014a, 2014b; Watanabe et al., 2014; Wei et al., 2014; Yan-Li
et al., 2014) and Hodgkin's (Koh et al., 2012; Porrata et al., 2012,
2013a, 2013b; Romano et al., 2012) lymphomas, multiple myeloma
(Shin et al., 2013), clear-cell renal carcinoma (Hutterer et al., 2014),
non-small cell lung cancer (Lin et al., 2014b), soft tissue sarcoma
(Szkandera et al., 2014) and colon cancer (Stotz et al., 2014).
The neutrophil:lymphocyte (NL) ratio, another measure of the
myeloid:lymphoid cell proportion, has also been reported to be associ-
ated with cardiovascular and cancer outcomes (Guthrie et al., 2013;the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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are strongly correlated it is unclear whether one is a better predictor
than the other. The pathophysiologic basis for association of
myeloid:lymphoid cell ratios across diseases remains unclear.
Here we studied pathophysiologic mechanisms for the association
between the ML ratio and mycobacterial disease susceptibility. We
studied anti-mycobacterial and transcriptomic proﬁles of monocytes
from healthy adult donors and found that qualitative differences in
monocyte function partially explain theML ratio associationwithmyco-
bacterial growth ex vivo. Whole-transcriptome analysis of monocytes
suggests that the ML ratio (but not the monocyte count) is a marker
of monocyte function and that an elevated ratio is associated with an
enrichment of interferon-associated transcripts in monocytes. We
show that the transcript signature of elevated ML ratio overlaps with
mycobacterial and several other disease transcriptomic signatures
such as atopy and inﬂammatory bowel disease. Taken together our
data suggest that the ML ratio may be associated with disease by acting
as a marker of monocyte function.
2. Materials and Methods
2.1. Study Participants
We recruited 144 healthy adult Caucasian volunteers in Oxford,
United Kingdom (Fairfax et al., 2014). A healthcare professional (nurse
or physician) conducted a verbal review of clinical history to determine
eligibility based on the absence of any major chronic illness, current
medication administration or symptoms of infection. The median age
of the 144 recruits was 32 years (IQR 24–41) and 76 (53%) were female.
Formycobacterial growth inhibition assays,we included individualswho
had received BCG, were negative by interferon-gamma release assay
(IGRA) and had no history of tuberculosiswhereas for transcriptomic ex-
periments, donors had no history of tuberculosis but their BCG history
and IGRA status was not veriﬁed.
2.2. Ethics Statement
This study was approved by the Oxfordshire Research Ethics Com-
mittee (COREC reference 06/Q1605/55 & 10/H0505/3) and each indi-
vidual gave written informed consent to participation.
2.3. Full Blood Counts
Leucocyte differential countswere performed at the Oxford Radcliffe
Hospitals Pathology Laboratory, an accredited clinical laboratory, using
standard procedures on a Sysmex automated haematology analyser.
The ML ratio was calculated as the quotient of the absolute monocyte
and lymphocyte counts.
2.4. Isolation of Monocytes
Whole blood was collected into sodium-heparin containing blood
collection tubes (Becton Dickinson) and processed with 4–6 h after col-
lection. The methods used in monocyte isolation have been previously
described (Fairfax et al., 2014) but brieﬂy, we isolated peripheral blood
mononuclear cells by density gradient centrifugation of blood-diluted
with Hanks Buffered Saline solution (HBSS, Life Technologies, UK) lay-
ered on Lymphoprep (Axis-Shield, Norway), and sorted CD14+mono-
cytes using magnetic-activated cell sorting (MACS, Miltenyi Biotech).
The CD14- fraction was used in recreating ML ratios after counting cells
by microscopy.
2.5. Mycobacterial Growth Inhibition Assays
Whole blood or mixed leucocyte growth inhibition assays were per-
formed using the BACTEC mycobacteria growth indicator tube (MGIT)system (Becton Dickinson) as previously described (Wallis et al.,
2001), with the exception that whole blood was incubated with BCG
(Pasteur) for 96 h instead of 72 h and mixed leucocytes (monocytes +
non-monocytes = total 1 × 106 live cells) incubated with BCG Pasteur
for 72 h. Growth inhibitionwas determined by calculating time to positiv-
ity (TTP) in the sample and TTP in the control (cell free culture) and
converting to colony-forming units using a standard curve.
2.6. Gene Expression
RNA from 5 × 105 sorted monocytes was extracted using the Qiagen
RNAeasy kit (Qiagen, UK). RNA was quantiﬁed and integrity assessed
using a Bioanalyser RNA 6000 Nano kit (Agilent, UK). Gene expression
was quantiﬁed using the Illumina HumanHT-12 v4 BeadChip gene ex-
pression array platform with 47,231 probes according to the
manufacturer's instructions. Samples were randomly placed across ex-
pression chips and run in a single batch. Gene expression data were nor-
malized using random-spline normalization, transformed by variance-
stabilising transformation and sample outliers were iteratively removed
and normalization repeated. We excluded 8 individuals as sample
outliers.
Probe sequences mapping to more than one genomic location or re-
gions with underlying polymorphisms frequent in N1% of the popula-
tion were excluded from analysis (n = 18,220 probes). Only probes
that were expressed and detected (GenomeStudio probe detection
p b 0.01) in monocytes were included in the analysis.
2.7. Transcription Factor Binding Site Analysis
We used oPOSSUM (Kwon et al., 2012) v3.0 to perform single-site
analysis with the JASPAR core reference and the following search pa-
rameters: conservation cutoff = 0.4, matrix score threshold = 85%
and upstream and downstream sequence lengths 10,000 bp. Of 906
genes submitted for analysis 821 matched genes in the database.
2.8. Statistical Methods
Analyses were conducted in R, using the packages: limma, lumi and
‘vsn’,. For data presentation the ‘gridExtra’, ‘ggbio’ and ‘ggplot2’
packages were used. Linear regression adjusting for age and sex was
performed using the lm function in R. Enrichment analyses were per-
formed using the ﬁsher.test function in R comparing the observed vs.
expected overlap in gene lists.
Ingenuity Pathway Analysis where used, was performed using a
background set of all human genes on the Ilumina array. A listing of ex-
ternal ﬁles and their sources is given in Supplementary Table 14. FDR
where shown denotes the false discovery rate calculated using the
Benjamini Hochberg procedure using the p.adjust function.
2.9. Accession Numbers
Gene expression data is available through ArrayExpress (E-MTAB-
2232). The accession numbers of studies accessed through the
ExpressionAtlas are shown in Supplementary Table 4.
3. Results
3.1. Qualitative Differences inMonocytes Dependent onML Ratio Dominate
Over Quantitative Differences in Explaining the ML Ratio Association With
Mycobacterial Growth
Recent epidemiological studies (Naranbhai et al., 2014b) suggest
that elevated peripheral bloodML ratio is associated with risk of TB dis-
ease in adults, infants and pregnant women. To evaluate whether this
ﬁnding is replicated ex vivo, we cultured whole blood from healthy
adult donors with BCG (Pasteur) in a mycobacterial growth inhibition
Fig. 1. TheML ratio is associatedwithmycobacterial growth ex vivo, but the in vivoML ratio of the donor dominates in explainingmycobacterial growth in a growth inhibition assay. (A) In
a mycobacterial growth assay in which whole blood from healthy human adult donors (n= 29) was co-cultured with BCG Pasteur for 96 h andmycobacterial growth assessed by liquid
culture, theML ratio is associatedwithmycobacterial growth. Eachdonor is indicated by a dot that is coloured according to the in vivoML ratio. A regression line and 95% CI is shown in red
and grey respectively. (B) CD14+monocytes and lymphocytes sorted fromhealthy human adult donors (n=13)were combined in vitro at ratios that approximate the 25th (0.04), 50th
(0.19) and 75th (0.30) centiles of the background population and culturedwith BCG Pasteur for 72 h andmycobacterial growth assessed by liquid culture. Lymphocytes alonewere added
to the control tube (denoted asML ratio=0). Each donor is indicated by a dot that is coloured according to the in vivoML ratio. Boxes denote the 25th, 50th and 75th centiles andwhiskers
extend tomedian±1.5 ∗ IQR. (C) In amultivariate linear regressionmodel of data frompart B, the in vivoML ratio signiﬁcantly explains 11% of the variance inmycobacterial growthwhilst
the in vitro ratio explains 5% of variance, albeit not statistically signiﬁcant.
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differential counts in donorswas signiﬁcantly associatedwith enhanced
mycobacterial growth ex vivo (β= 2.23, SE = 0.91, p = 0.02, Fig. 1A).
To distinguish between a quantitative effect of increasing numbers
of monocytes providing more target cells to support mycobacterial
growth, versus a qualitative effect of monocytes from individuals with
higher ML ratio being relatively inferior at inhibiting mycobacterial
growth, monocytes and lymphocytes were sorted from blood of 13
healthy adults, mixed at ratios in vitro that approximate the 25th, 50th
and 75th centiles of ML ratios for adult populations and cultured with
BCG (Pasteur). Higher in vitroML ratio tended to be associated with el-
evatedmycobacterial growth, however individualswith higherML ratio
in vivo supported greatermycobacterial growth regardless of the in vitro
ML ratio that was created by mixing sorted cells (Fig. 1B) suggesting
that qualitative differences play a role beyond quantitative differences.
In a multivariate linear regression model, the in vivo ML ratio
(β= 3.22, SE = 1.30, p = 0.02) but not the in vitroML ratio (β= 1.12,
SE = 0.67, p = 0.10) was signiﬁcantly associated with mycobacterial
growth (Fig. 1C) suggesting that qualitative effects dominate over quan-
titative effects in explaining monocyte capacity to control mycobacterial
growth.
3.2. Transcriptional Proﬁles of Monocytes Dependent on the ML Ratio
To understand the qualitative differences in monocytes from indi-
viduals with varying ML ratio, we analysed data for CD14+monocytes
from 136 healthy European volunteers from Oxfordshire UK (68 male,
68 female, median age = 31.5 years, IQR 24–41) a subset of a cohort
for whom we have generated transcriptome-wide proﬁling using the
Illumina HT12v4 gene expression array (Fairfax et al., 2014). Donors
were representative of a young healthy adult population in a region
with low endemicity of mycobacterial disease. The median monocyte
count was 0.4 (IQR 0.3–0.48) × 109/L and median lymphocyte count
1.81 (IQR 1.54–2.12) × 109/L. After quality control procedures
(Methods), we evaluated 10,104 genes (13,393 probes) that were ro-
bustly detected by high ﬁdelity probes and were expressed in N5%
donors.
We tested for association between the level of each transcript and
either the monocyte count alone, lymphocyte count alone or the MLratio (in each case adjusting for age and sex). The expression level of
53 genes (55 probes) was signiﬁcantly associated (false discovery rate
(FDR) b 0.05) with monocyte counts; 0 genes with lymphocyte count
and 906 genes (991 probes) with ML ratio (Supplementary Table 1).
For 51 of 53 genes (96%) whose expression was associated with mono-
cyte counts, expression was also associated with the ML ratio; in these
cases monocyte counts and ML ratio explained a similar proportion of
overall gene expression variance (median 12.3% vs 13.4%, p = 0.6).
Taken together these data suggest that the ML ratio reﬂects a larger de-
gree of the monocyte transcriptome than monocyte counts alone, and
conﬁrms, as per the null expectation, that the monocyte transcriptome
is independent of lymphocyte count.
Of 906 genes (991 probes) associated with theML ratio (Fig. 2A), an
elevated ML ratio was associated with reduced expression of 282 genes
(296probes) such as ETS1 and AFF3 (Fig. 2B–C), and elevated expression
of 624 genes (695 probes) such as HP (haptoglobin) and RUNX1 (Fig.
2D–E).
3.3. ML Ratio Associated Gene Transcripts are Enriched for Interferon
Signalling
Interferon signalling (Fig. 3) was the most signiﬁcantly enriched
(p = 1.2 × 10−8) canonical pathway (p b 0.05) (Supplementary
Table 2). The ﬁve most signiﬁcant upstream regulators were IFNL1
(p = 5.1 × 10–23), IFNA2 (p = 2.4 × 10–17), TGM2 (p = 9.2 × 10–
16), MAPK1 (p = 5.1 × 10–15) and IFNG (p = 1.1 × 10–13). Genes
downstream of IFNL1, IFNA2, TGM2 and IFNG were enriched and mark-
edly activated whilst genes downstream ofMAPK1 were enriched and
markedly inhibited. Several other regulators involved in interferon sig-
nalling are similarly enriched (Supplementary Table 3) including TLR3,
IFNA, TNF, IFN1B, IFNAR2 and STAT1.
3.4. Transcription Factor Binding Analysis
To further investigate the direction of association between ML ratio
and monocyte transcriptomes, we considered whether the set of differ-
entially expressed genes could be more parsimoniously explained by
changes in expression of transcription factors. Of the 906ML-ratio asso-
ciated genes, 79 are human transcription factors, similar to the expected
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Fig. 3.Monocyte genes associated with theML ratio are enriched for genes in the interferon signalling pathway. The intensity of association with ML ratio is denoted in shades of red (in-
creased) or green (decreased) proportionate to the level of expression and symbols denote the type of molecule. The text beneath each symbol denotes the effect size (beta) estimate
between ML ratio and gene expression.
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the 38 transcription factors that were positively associated with ML
ratio are E2F4, STAT6, SP100, IRF1 and IRF7. Amongst the 41 transcription
factors that were negatively associated withML ratio are ETS1, NOTCH2,
KLF12 and JUND (Supplementary Table 1).
To characterise this further, we proceeded to test whether ML ratio-
associated genes were enriched for speciﬁc transcription factor binding
consensus binding sites (TFBS) using oPOSSUM (Kwon et al., 2012).
TFBS for IRF1/IRF2, RUNX1, RELA and ESRRB were enriched for in the
genes associated with theML ratio (Fig. 4). These data suggest that con-
sequent upon upstream events such as interferon stimulation, tran-
scription factors such as IRF1 may be involved in observed variation in
monocyte transcriptomes.3.5. Representation of ML Associated Transcripts in Human Diseases
In view of the apparent broad association of the ML ratio with
malignant and non-malignant disease outcomes, we explored
whether the set of ML associated genes in monocytes was enriched
for amongst genes differentially expressed in blood in any of
151 human disease conditions curated in the Expression Atlas
(Petryszak et al., 2014). For 19 disorders, there is signiﬁcant enrich-
ment for the ML transcript signature (Supplementary Table 4). These
include atopy (FDR= 3.33 × 10−18), HIV (FDR 1.44 × 10−10), the in-
ﬂammatory bowel diseases (FDR = 6.99 × 10−8) ulcerative colitis
and Crohn's disease, meningeal (FDR = 4.97 × 10−4), pulmonary
(FDR = 1.66 × 10−3) and latent (FDR = 1.08 × 10−3) tuberculosis,Fig. 2.Monocyte transcriptomes are associatedwith theML ratio of the human donor. (A) TheM
as shown in this heat map where donors are arranged according to ML ratio (along top), and d
notes colouring of individuals according to theML ratio (top) and genes according to expression
AFF3, encoding for a transcription factor involved in lymphoid development, are examples of g
encodes for haptoglobin and RUNX1, encoding a transcription factor, are positively associate
respectively.systemic lupus erythematosus (FDR = 4.36 × 10−3) and type 1 dia-
betes mellitus (FDR = 5.1 × 10−3).3.6. ML Associated Transcripts are Enriched for Genes that are Differentially
Expressed During TB Disease and for TB-Disease Susceptibility Associated
Genes
On the basis of the epidemiologic associations, the in vitro data
presented here and apparent enrichment for ML associated tran-
scripts in a TB dataset curated in the Expression Atlas, we tested
whether the ML associated gene set was similarly enriched in eight
studies of tuberculosis not contained within the Expression Atlas
that were recently collated and meta-analysed (Joosten et al.,
2013). We observed a 3.50-fold (95% CI 2.64–4.61, p =
1.95 × 10−16) enrichment for TB disease-associated genes amongst
ML associated genes, conﬁrming that the transcriptomic changes
during TB disease partially consist of ML-associated transcripts.
These data are consistent with the observed elevation of the ML
ratio during active TB disease (J. Wang et al., 2014).
In the absence of transcriptomic signatures that associate with TB
susceptibility we examined genes that have been implicated in TB sus-
ceptibility by candidate gene studies (Supplementary Table 5). Of 95
genes for which variants have been reportedly associated with TB, 56
are expressed and detected in monocytes and were tested for associa-
tion with ML ratio. Eleven of 906 (1.2%) ML associated genes have
been implicated in TB through candidate gene studies, a 2.5-fold (95%
CI 1.16–4.93, p = 0.02) enrichment over background (45/9198,L ratio 139 individualswas associatedwith expression of 906 genes in CD14+monocytes
irection of ML ratio-gene expression association (along right side). The key (top right) de-
level (B-C) ETS1, encoding for a transcription factor involved in cytokine transcription, and
enes whose expression is negatively associated with ML ratio. In contrast (D-E) HP, which
d with ML ratio. In panels b–e, the regression line and 95% CI are shown in red and grey
Fig. 4.Monocyte genes associated with the ML ratio are enriched for transcription factor
binding sites for IRF1, IRF2, RUNX1, RELA and Esrrb. The Fisher's exact test (x-axis) from
oPossum disregards the number of times a TFBS occurs within a promoter in comparing
observed vs expected TFBS frequency, whilst the z-score (y-axis) is a measure of the fre-
quency of occurrence allowing for more than one TFBS motif within a gene promoted
compared with the background expectation. The mean + 2SD is plotted in red. Genes
with enrichment scores greater than the mean + 2SD are labelled.
1624 V. Naranbhai et al. / EBioMedicine 2 (2015) 1619–16260.049%). These were CCL5, DEFB1, FCGR2A, HP, IRF1,MCL1, TAPBP, TIRAP,
TLR4, TLR8 and SP110. This suggests that theML ratio associationwith TB
may, at least partly, overlap with genes in which genetic variation af-
fects susceptibility.4. Discussion
The relative frequency of myeloid and lymphoid cells is increasingly
recognised as a variable distinct from its constituents, but the pathophys-
iologic basis of association remains unclear. Our observation ofmonocyte
functional and transcriptional differences dependent on the ML ratio
(but on neither constituent alone) suggests that qualitative differences
in monocytes are better reﬂected by the ML ratio than by monocyte
counts alone, potentially explaining epidemiologic associations of the
ratio. The signiﬁcant enrichment of interferon signalling we found sup-
ports a common role for type I and II interferons in altering the ML
ratio and monocyte function sufﬁciently to explain altered disease
course, consistent with the central role of interferons in mycobacterial
and inﬂammatory diseases (Mayer-Barber et al., 2014). Additionally, al-
teration inmonocyte functionmay alter crosstalk with lymphocytes and
adaptive immune responses (Zhong and Yazdanbakhsh, 2013), hence
changes in monocyte function alone may have repercussions on other
aspects of the immune response that are detrimental. Finally,we demon-
strate that the transcripts that are associated with the ML ratio are
enriched in tuberculosis using external datasets and report evidence
for a pathophysiologic role of ML-ratio associated genes in several
other disease conditions.
Frequencies of leucocyte subsets in peripheral blood are a result of
lineage commitment events during haematopoiesis, sequestration or
egress into tissue and survival. Changes in cell fate are well described
for lymphocytes, for example both bacterial and viral infection
(Hotchkiss et al., 2013; Merekoulias et al., 2010; McClain et al., 2013)
depress peripheral and splenic lymphocyte counts, and cause wide-
spread lymphocyte apoptosis (Hotchkiss et al., 2013). Compared withlymphocytes, much less is known about reactive changes in monocyte
number or function. Clonal analysis in mice demonstrates that
haematopoietic stem cells have distinct lineage biases and can be classi-
ﬁed as myeloid-biased, balanced or lymphoid-biased depending on the
relative proportions of myeloid and lymphoid progeny they give rise to
(Muller-Sieburg et al., 2012). In mice, myeloid-biased HSC differentia-
tion has been shown to be under the control of IFN-γ (Matatall et al.,
2014). In humans, myeloid-biased HSC accumulate with age and ex-
plain the relative increase in myeloid cells in blood with age (Pang
et al., 2011). Therefore changes in ML ratio in blood are likely a marker
of changes in the frequency of lineage-biased HSC. Intriguingly, myco-
bacterial infection has been shown to alter haematopoiesis through ele-
vated IFN-γ levels (Baldridge et al., 2010). In murine models, ontogeny
affects the functional capacity of the progeny of myeloid-biased HSC
(Gekas and Graf, 2013; Muller-Sieburg et al., 2004). This ﬁnding is reca-
pitulated in humans in whom granulocyte-monocyte progenitors give
rise to distinctmyeloid subsets, are increased in the circulation, and por-
tend impaired outcomes in a range of solid organ malignancies (Wu
et al., 2014). The causal pathway is difﬁcult to unambiguously ascertain
but positioning our data in this context suggest a model in which in-
ﬂammatory signals - particularly interferons - affect the ML ratio
through lineage-bias during haematopoiesis and this has a lasting effect
on the transcriptional and functional proﬁle of the monocyte progeny.
Our study is limited in ability to exhaustively examine all potential
mechanisms in operation. We studied only CD14+ monocytes and it
is possible that changes in othermonocyte subsetsmay occur. Our eval-
uation ofML ratio transcripts in other diseases is limited to bioinformat-
ic overlap with data curated in the Expression Atlas. Further studieswill
be required to conﬁrm a role, if any, of theML ratio in these disorders as
it is plausible that the overlap is driven by common involvement of in-
terferon pathways in these disorders. Finally, our study suggests that
the ML ratio and monocyte function may be a consequence of inﬂam-
matory processes acting, in part, through interferons. Identifying up-
stream drivers and feedback loops of these inﬂammatory processes
requires further study, but may yield understanding of how to clinically
address the pathophysiological basis of the disease association.
Collectively our data suggest that elevation in theML ratio is associat-
ed with transcriptional changes in monocytes that may account for im-
paired anti-mycobacterial proﬁles of monocytes, potentially explaining
some pathophysiologic disease associations of the ML ratio.
Author Contributions
VN, BPF, JCK and AVSH designed the study. VN conceived the idea for
this study, conducted the analysis and wrote the ﬁrst draft of the man-
uscript. VN, BPF, HAF, RT and MOS performed wet lab experiments for
this study and/or provided expertise and reagents. AVSH, JCK, BPF and
HMS supervised the analysis and conduct of this study. All the authors
had access to the data and the ﬁnal decision to submit wasmade collec-
tively by the authors.
Acknowledgements/funding
We thank the volunteers for their participation in this study, Dr.
Matthew Neville and Sr Jane Cheeseman for the assistance in enrolling
participants and Dr. Seiko Makino for the technical assistance in isola-
tion of monocytes. We thank Dr. Robert Petryszak for generating the
gene lists for diseases curated in the ExpressionAtlas. We thank the vol-
unteers from the Oxford Biobank(www.oxfordbiobank.org.uk), a NIHR
Oxford Biomedical Research Centre, for their participation. The Oxford
Biobank is also part of the NIHR National Bioresource which supported
the recalling process of the volunteers. This work was supported by
the Wellcome Trust (grants 074318, 088891 and 090532/Z/09/Z [core
facilities Wellcome Trust Centre for Human Genetics including High-
Throughput Genomics Group]), the European Research Council under
the European Union's Seventh Framework Programme (FP7/2007–
1625V. Naranbhai et al. / EBioMedicine 2 (2015) 1619–16262013)/ERC Grant agreement no. 281824 (J.C.K.) and the NIHR Oxford
Biomedical Research Centre. VN is supported by the Rhodes Trust,
HMcS is a Wellcome Trust Senior Clinical Research Fellow, BPF is a
Wellcome Trust MB/PHD fellow and AVSH a Wellcome Trust Senior In-
vestigator. The funders had no role in the study design, data collection,
data analysis, interpretation, and writing of the report.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ebiom.2015.09.027.
References
Baldridge, M.T., King, K.Y., Boles, N.C., Weksberg, D.C., Goodell, M.A., 2010. Quiescent
haematopoietic stem cells are activated by IFN-gamma in response to chronic infec-
tion. Nature 465 (7299), 793–797 (Jun 10, PubMed PMID: 20535209. Pubmed Cen-
tral PMCID: 2935898).
Cunningham, R.S., Sabin, F.R., Sugiyama, S., Kindwall, J.A., 1925. The role of the monocyte
in tuberculosis. Bull. Johns Hopkins Hosp. XXXVII (4), 231–280.
Doan, C.A., Sabin, F.R., 1930. The relation of the tubercle and the monocyte:lymphocte
ratio to resistance and susceptibility in tuberculosis. J. Exp. Med. 52, 113–152 (1
December).
Ehrlich, P., 1880. Methodologische Beiträge zur Physiologie und Pathologie der
verschiedenen Formen der Leukocyten. Z. Klin. Med. 1, 553–560.
Fairfax, B.P., Humburg, P., Makino, S., Naranbhai, V., Wong, D., Lau, E., et al., 2014. Innate
immune activity conditions the effect of regulatory variants upon monocyte gene ex-
pression. Science 343 (6175), 1246949 (Mar 7, PubMed PMID: 24604202. Pubmed
Central PMCID: 4064786).
Gekas, C., Graf, T., 2013. CD41 expressionmarksmyeloid-biased adult hematopoietic stem
cells and increases with age. Blood 121 (22), 4463–4472 (May 30, PubMed PMID:
23564910).
Guthrie, G.J., Charles, K.A., Roxburgh, C.S., Horgan, P.G., McMillan, D.C., Clarke, S.J., 2013.
The systemic inﬂammation-based neutrophil–lymphocyte ratio: experience in pa-
tients with cancer. Crit. Rev. Oncol. Hematol. 88 (1), 218–230 (Oct, PubMed PMID:
23602134).
Hotchkiss, R.S., Monneret, G., Payen, D., 2013. Immunosuppression in sepsis: a novel un-
derstanding of the disorder and a new therapeutic approach. Lancet Infect. Dis. 13
(3), 260–268 (Mar, PubMed PMID: 23427891. Pubmed Central PMCID: 3798159).
Hutterer, G.C., Stoeckigt, C., Stojakovic, T., Jesche, J., Eberhard, K., Pummer, K., et al., 2014.
Low preoperative lymphocyte-monocyte ratio (LMR) represents a potentially poor
prognostic factor in nonmetastatic clear cell renal cell carcinoma. Urol. Oncol. (Jul
11. PubMed PMID: 25027686).
Joosten, S.A., Fletcher, H.A., Ottenhoff, T.H., 2013. A helicopter perspective on TB bio-
markers: pathway and process based analysis of gene expression data provides
new insight into TB pathogenesis. PLoS One 8 (9), e73230 (PubMed PMID:
24066041. Pubmed Central PMCID: 3774688).
Koh, Y.W., Kang, H.J., Park, C., Yoon, D.H., Kim, S., Suh, C., et al., 2012. The ratio of the ab-
solute lymphocyte count to the absolute monocyte count is associatedwith prognosis
in Hodgkin's lymphoma: correlation with tumor-associatedmacrophages. Oncologist
17 (6), 871–880 (PubMed PMID: 22588324. Pubmed Central PMCID: 3380887).
Koh, Y.W., Park, C.S., Yoon, D.H., Suh, C., Huh, J., 2014. Should the cut-off values of the lym-
phocyte to monocyte ratio for prediction of prognosis in diffuse large B-cell lympho-
ma be changed in elderly patients? Eur. J. Haematol. (Apr 26, PubMed PMID:
24766257).
Kwon, A.T., Arenillas, D.J., Worsley Hunt, R., Wasserman, W.W., 2012. oPOSSUM-3: ad-
vanced analysis of regulatory motif over-representation across genes or ChIP-Seq
datasets. G3 2 (9), 987–1002 (Sep, PubMed PMID: 22973536. Pubmed Central
PMCID: 3429929).
Li, J., Jiang, R., Liu, W.S., Liu, Q., Xu, M., Feng, Q.S., et al., 2013. A large cohort study reveals
the association of elevated peripheral blood lymphocyte-to-monocyte ratio with fa-
vorable prognosis in nasopharyngeal carcinoma. PLoS One 8 (12), e83069 (PubMed
PMID: 24386144, Pubmed Central PMCID: 3873908).
Li, Y.L., Gu, K.S., Pan, Y.Y., Jiao, Y., Zhai, Z.M., 2014a. Peripheral blood lymphocyte/mono-
cyte ratio at the time of ﬁrst relapse predicts outcome for patients with relapsed or
primary refractory diffuse large B-cell lymphoma. BMC Cancer 14, 341 (PubMed
PMID: 24884604, Pubmed Central PMCID: 4033684).
Li, Y.L., Pan, Y.Y., Jiao, Y., Ning, J., Fan, Y.G., Zhai, Z.M., 2014b. Peripheral blood lymphocyte/
monocyte ratio predicts outcome for patients with diffuse large B cell lymphoma
after standard ﬁrst-line regimens. Ann. Hematol. 93 (4), 617–626 (PubMed PMID:
24141331).
Li, Z.M., Huang, J.J., Xia, Y., Sun, J., Huang, Y., Wang, Y., et al., 2012. Blood lymphocyte-to-
monocyte ratio identiﬁes high-risk patients in diffuse large B-cell lymphoma treated
with R-CHOP. PLoS One 7 (7), e41658 (PubMed PMID: 22911837, Pubmed Central
PMCID: 3402437).
Lin, G.N., Peng, J.W., Liu, D.Y., Xiao, J.J., Chen, Y.Q., Chen, X.Q., 2014a. Increased lymphocyte
to monocyte ratio is associated with better prognosis in patients with newly diag-
nosed metastatic nasopharyngeal carcinoma receiving chemotherapy. Tumour Biol.
(Aug 1, PubMed PMID: 25081376).
Lin, G.N., Peng, J.W., Xiao, J.J., Liu, D.Y., Xia, Z.J., 2014b. Prognostic impact of circulating
monocytes and lymphocyte-to-monocyte ratio on previously untreated metastaticnon-small cell lung cancer patients receiving platinum-based doublet. Med. Oncol.
31 (7), 70 (Jul, PubMed PMID: 24927957).
Markovic, O., Popovic, L., Marisavljevic, D., Jovanovic, D., Filipovic, B., Stanisavljevic, D., et
al., 2014r. Comparison of prognostic impact of absolute lymphocyte count, absolute
monocyte count, absolute lymphocyte count/absolute monocyte count prognostic
score and ratio in patients with diffuse large B cell lymphoma. Eur. J. Intern. Med.
25 (3), 296–302 (Mar, PubMed PMID: 24565533).
Matatall, K.A., Shen, C.C., Challen, G.A., King, K.Y., 2014. Type II interferon promotes differ-
entiation of myeloid-biased hematopoietic stem cells. Stem Cells 32 (11), 3023–3030
(Nov, PubMed PMID: 25078851. Pubmed Central PMCID: 4198460).
Mayer-Barber, K.D., Andrade, B.B., Oland, S.D., Amaral, E.P., Barber, D.L., Gonzales, J., et al.,
2014. Host-directed therapy of tuberculosis based on interleukin-1 and type I inter-
feron crosstalk. Nature 511 (7507), 99–103 (Jul 3, PubMed PMID: 24990750).
McClain, M.T., Park, L.P., Nicholson, B., Veldman, T., Zaas, A.K., Turner, R., et al., 2013. Lon-
gitudinal analysis of leukocyte differentials in peripheral blood of patients with acute
respiratory viral infections. J. Clin. Virol. 58 (4), 689–695 (Dec, PubMed PMID:
24140015).
Merekoulias, G., Alexopoulos, E.C., Belezos, T., Panagiotopoulou, E., Jelastopulu, D.M.,
2010. Lymphocyte to monocyte ratio as a screening tool for inﬂuenza. PLoS Curr. 2,
RRN1154 (PubMed PMID: 20383263. Pubmed Central PMCID: 2847387).
Muller-Sieburg, C.E., Cho, R.H., Karlsson, L., Huang, J.F., Sieburg, H.B., 2004. Myeloid-biased
hematopoietic stem cells have extensive self-renewal capacity but generate dimin-
ished lymphoid progeny with impaired IL-7 responsiveness. Blood 103 (11),
4111–4118 (Jun 1, PubMed PMID: 14976059).
Muller-Sieburg, C.E., Sieburg, H.B., Bernitz, J.M., Cattarossi, G., 2012. Stem cell heterogene-
ity: implications for aging and regenerative medicine. Blood 119 (17), 3900–3907
(Apr 26, PubMed PMID: 22408258. Pubmed Central PMCID: 3355711. Epub 2012/
03/13. Eng).
Naranbhai, V., Kim, S., Fletcher, H., Cotton, M.F., Violari, A., Mitchell, C., et al., 2014b. The
association between the ratio of monocytes:lymphocytes at age 3 months and risk
of tuberculosis (TB) in the ﬁrst two years of life. BMC Med. 12 (1), 120 (Jul 17,
PubMed PMID: 25034889).
Naranbhai, V., Moodley, D., Chipato, T., Stranix-Chibanda, L., Nakabaiito, C., Kamateeka,
M., et al., 2014a. The association between the ratio of monocytes: lymphocytes and
risk of tuberculosis among HIV-infected postpartum women. J. Acquir. Immune
Deﬁc. Syndr. 67 (5), 573–575 (Dec 15, PubMed PMID: 25247435. Pubmed Central
PMCID: 4229408).
Naranbhai, V., Hill, A.V., Abdool Karim, S.S., Naidoo, K., Abdool Karim, Q., Warimwe, G.M.,
et al., 2014a. Ratio of monocytes to lymphocytes in peripheral blood identiﬁes adults
at risk of incident tuberculosis among HIV-infected adults initiating antiretroviral
therapy. J. Infect. Dis. 209 (4), 500–509 (Feb, PubMed PMID: 24041796. Pubmed Cen-
tral PMCID: 3903371).
Pang, W.W., Price, E.A., Sahoo, D., Beerman, I., Maloney, W.J., Rossi, D.J., et al., 2011.
Human bone marrow hematopoietic stem cells are increased in frequency and mye-
loid-biased with age. Proc. Natl. Acad. Sci. U. S. A. 108 (50), 20012–20017 (Dec 13,
PubMed PMID: 22123971. Pubmed Central PMCID: 3250139).
Petryszak, R., Burdett, T., Fiorelli, B., Fonseca, N.A., Gonzalez-Porta, M., Hastings, E., et al.,
2014. Expression atlas update–a database of gene and transcript expression frommi-
croarray- and sequencing-based functional genomics experiments. Nucleic Acids Res.
42 (Database issue), D926–D932 (Jan, PubMed PMID: 24304889. Pubmed Central
PMCID: 3964963).
Porrata, L.F., Inwards, D.J., Ansell, S.M., Micallef, I.N., Johnston, P.B., Hogan, W.J., et al.,
2013a. Day 100 peripheral blood absolute lymphocyte/monocyte ratio and survival
in classical Hodgkin's lymphoma postautologous peripheral blood hematopoietic
stem cell transplantation. Bone Marrow Res., 658371 (PubMed PMID: 23710362.
Pubmed Central PMCID: 3655445).
Porrata, L.F., Inwards, D.J., Ansell, S.M., Micallef, I.N., Johnston, P.B., Hogan, W.J., et al.,
2014a. Infused autograft lymphocyte to monocyte Ratio and survival in diffuse
large B-cell lymphoma. Biol. Blood Marrow Transplant. (Jul 17, PubMed PMID:
25042737).
Porrata, L.F., Ristow, K., Habermann, T.M., Witzig, T.E., Colgan, J.P., Inwards, D.J., et al.,
2012. Peripheral blood lymphocyte/monocyte ratio at diagnosis and survival in nod-
ular lymphocyte-predominant Hodgkin lymphoma. Br. J. Haematol. 157 (3), 321–330
(May, PubMed PMID: 22360654).
Porrata, L.F., Ristow, K.M., Habermann, T.M., Macon, W.R., Witzig, T.E., Colgan, J.P., et al.,
2013b. Peripheral blood absolute Lymphocyte/Monocyte ratio recovery during
ABVD treatment cycles predicts clinical outcomes in classical Hodgkin lymphoma.
Blood Cancer J. 3, e110 (PubMed PMID: 23599022. Pubmed Central PMCID:
3641323).
Porrata, L.F., Ristow, K.M., Habermann, T.M., Witzig, T.E., Colgan, J.P., Inwards, D.J., et al.,
2014b. Peripheral blood absolute lymphocyte/monocyte ratio during rituximab, cy-
clophosphamide, doxorubicin, vincristine and prednisone treatment cycles predicts
clinical outcomes in diffuse large B-cell lymphoma. Leuk. Lymphoma (Mar 19,
PubMed PMID: 24547705).
Rambaldi, A., Boschini, C., Gritti, G., Delaini, F., Oldani, E., Rossi, A., et al., 2013c. The lym-
phocyte to monocyte ratio improves the IPI-risk deﬁnition of diffuse large B-cell lym-
phoma when rituximab is added to chemotherapy. Am. J. Hematol. 88 (12),
1062–1067 (Dec, PubMed PMID: 23940056).
Ravasi, T., Suzuki, H., Cannistraci, C.V., Katayama, S., Bajic, V.B., Tan, K., et al., 2010. An atlas
of combinatorial transcriptional regulation in mouse and man. Cell 140 (5), 744–752
(Mar 5, PubMed PMID: 20211142. Pubmed Central PMCID: 2836267).
Romano, A., Vetro, C., Donnarumma, D., Forte, S., Ippolito, M., Di Raimondo, F., 2012. Early
interim 2-(1)ﬂuoro-2-deoxy-D-glucose positron emission tomography is
prognostically superior to peripheral blood lymphocyte/monocyte ratio at diagnosis
in classical Hodgkin's lymphoma. Haematologica 97 (6), e21–e23 (Jun, author reply
e4. PubMed PMID: 22665531. Pubmed Central PMCID: 3366667).
1626 V. Naranbhai et al. / EBioMedicine 2 (2015) 1619–1626Sabin, F.R., Doan, C.A., Cunningham, R.S., 1926. Studies of the blood in experimental tuber-
culosis: the monocyte–lymphocyte ratio; the anemia–leucopenia phase. Transactions
of the 22nd Annual Meeting of the National Tuberculosis Association 22, pp. 252–256.
Shin, S.J., Roh, J., Kim, M., Jung, M.J., Koh, Y.W., Park, C.S., et al., 2013. Prognostic signiﬁ-
cance of absolute lymphocyte count/absolute monocyte count ratio at diagnosis in
patients with multiple myeloma. Korean J. Pathol. 47 (6), 526–533 (Dec, PubMed
PMID: 24421845. Pubmed Central PMCID: 3887154).
Stotz, M., Pichler, M., Absenger, G., Szkandera, J., Arminger, F., Schaberl-Moser, R., et al.,
2014. The preoperative lymphocyte to monocyte ratio predicts clinical outcome in
patients with stage III colon cancer. Br. J. Cancer 110 (2), 435–440 (Jan 21, PubMed
PMID: 24357796. Pubmed Central PMCID: 3899781).
Szkandera, J., Gerger, A., Liegl-Atzwanger, B., Absenger, G., Stotz, M., Friesenbichler, J., et
al., 2014. The lymphocyte/monocyte ratio predicts poor clinical outcome and im-
proves the predictive accuracy in patients with soft tissue sarcomas. Int. J. Cancer
135 (2), 362–370 (Jul 15, PubMed PMID: 24347236).
Templeton, A.J., McNamara, M.G., Seruga, B., Vera-Badillo, F.E., Aneja, P., Ocana, A., et al.,
2014. Prognostic role of neutrophil-to-lymphocyte ratio in solid tumors: a systematic
review and meta-analysis. J. Natl. Cancer Inst. 106 (6), dju124 (Jun, PubMed PMID:
24875653).
Wallis, R.S., Palaci, M., Vinhas, S., Hise, A.G., Ribeiro, F.C., Landen, K., et al., 2001. A whole
blood bactericidal assay for tuberculosis. J. Infect. Dis. 183 (8), 1300–1303 (Apr 15,
PubMed PMID: 11262217).
Wang, J., Yin, Y., Wang, X., Pei, H., Kuai, S., Gu, L., et al., 2014b. Ratio of monocytes to lym-
phocytes in peripheral blood in patients diagnosed with active tuberculosis. Braz.
J. Infect. Dis. 18 (Dec, PubMed PMID: 25529365).
Wang, X., Zhang, G., Jiang, X., Zhu, H., Lu, Z., Xu, L., 2014a. Neutrophil to lymphocyte ratio
in relation to risk of all-causemortality and cardiovascular events among patients un-
dergoing angiography or cardiac revascularization: a meta-analysis of observational
studies. Atherosclerosis 234 (1), 206–213 (May, PubMed PMID: 24681815).Warimwe, G.M., Fletcher, H.A., Olotu, A., Agnandji, S.T., Hill, A.V., Marsh, K., et al., 2013b.
Peripheral blood monocyte-to-lymphocyte ratio at study enrollment predicts efﬁcacy
of the RTS, S malaria vaccine: analysis of pooled phase II clinical trial data. BMC Med.
11, 184 (PubMed PMID: 23962071, Pubmed Central PMCID: 3765422).
Warimwe, G.M., Murungi, L.M., Kamuyu, G., Nyangweso, G.M., Wambua, J., Naranbhai, V.,
et al., 2013a. The ratio of monocytes to lymphocytes in peripheral blood correlates
with increased susceptibility to clinical malaria in Kenyan children. PLoS One 8 (2),
e57320 (PubMed PMID: 23437368, Pubmed Central PMCID: 3577721).
Watanabe, R., Tomita, N., Itabashi, M., Ishibashi, D., Yamamoto, E., Koyama, S., et al., 2014.
Peripheral blood absolute lymphocyte/monocyte ratio as a useful prognostic factor in
diffuse large B-cell lymphoma in the rituximab era. Eur. J. Haematol. 92 (3), 204–210
(Mar, PubMed PMID: 24283206).
Wei, X., Huang, F., Wei, Y., Jing, H., Xie, M., Hao, X., et al., 2014. Low lymphocyte-to-mono-
cyte ratio predicts unfavorable prognosis in non-germinal center type diffuse large B-
cell lymphoma. Leuk. Res. 38 (6), 694–698 Jun. (PubMed PMID: 24713260).
Wu, W.C., Sun, H.W., Chen, H.T., Liang, J., Yu, X.J., Wu, C., et al., 2014. Circulating hemato-
poietic stem and progenitor cells are myeloid-biased in cancer patients. Proc. Natl.
Acad. Sci. U. S. A. 111 (11), 4221–4226 (Mar 18, PubMed PMID: 24591638. Pubmed
Central PMCID: 3964061).
Yan-Li, L., Kang-Sheng, G., Yue-Yin, P., Yang, J., Zhi-Min, Z., 2014. The lower peripheral
blood lymphocyte/monocyte ratio assessed during routine follow-up after standard
ﬁrst-line chemotherapy is a risk factor for predicting relapse in patients with diffuse
large B-cell lymphoma. Leuk. Res. 38 (3), 323–328 (Mar, PubMed PMID: 24439567).
Zhong, H., Yazdanbakhsh, K., 2013. Differential control of Helios(+/−) Treg development
by monocyte subsets through disparate inﬂammatory cytokines. Blood 121 (13),
2494–2502 Mar 28, PubMed PMID: 23365462. Pubmed Central PMCID: 3612859.
